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Free Fatty Acids Stimulate the Polymerization of
Tau and Amyloid f Peptides

I n Vitro Evidence for a Common Effector of Pathogenesis
in Alzheimer's Disease
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Alzheimer's disease is a degenerative disorder of
the central nervous system, characterized by the
concomitant deposition of extraceUular fila-
ments composed of g3-amyloid peptides and in-
tracelular filaments composed of the microtu-
bule-associated protein tau. We have discovered
thatfreefatty acids (FFAs) stimulate the assem-
bly of both amyloid and tau filaments in vitrn
The minimal concentration of arachidonic acid
observed to stimulate tau assembly rangedfrom
10 to 20 pmol/L, depending on the source of the
purified tau. Tau preparations that do not ex-
hibit spontaneous assembly were among those
induced to polymerize by arachidonic acid. AU
long-chain FFAs tested enhanced assembly to
some extent, although greater stimulation was
usualy associated with unsaturatedforms. Uti-
lizing fluorescence spectroscopy, unsaturated
FFAs were also demonstrated to induce 13-amy-
loid assembly. The minimal concentration ofoleic
or linoleic acid observed to stimulate the assem-
bly of amyloid was 40 pmol/L The filamentous
nature of these thioflavin-binding amyloid poly-
mers was verified by electron microscopy. These
data define a new set of toolsfor examining the
polymerization ofamyloid and tau proteins and
suggest that cortical elevations ofFFAs may con-
stitute a uniying stimulatory event driving the
formation of two of the obvious pathogenetic
lesions in Alzbeimer's disease. (Am J Pathol
1997, 150.2181-2195)

A diagnosis of Alzheimer's disease (AD) is confirmed
postmortem by demonstrating the presence of neu-
ritic plaques (NPs) and neurofibrillary tangles (NFTs)
in the victim's brain tissues.1 Both of these lesions
are characterized by the accumulation of abnormal
polymerization products. NPs contain amyloid fibrils
composed of a peptide that is proteolytically cleaved
from the amyloid precursor protein,2-4 whereas
NFTs are amassed from paired helical filaments and
straight filaments composed of the microtubule-as-
sociated protein tau.5-9 Filamentous tau pathology is
also observed within the extensive arrays of dystro-
phic neurites (neuropil threads) observed in the AD
brain and degenerating pre- and postsynaptic ele-
ments associated with NPs.2,10-12 The anatomical
distribution of NPs is somewhat variable and does
not coincide with the distribution of NFTs.1 Although
considerable progress has been made in the last
decade toward defining the physical and biochemi-
cal nature of tau and amyloid filaments, a coherent
model explaining why these polymers appear con-
comitantly in this disease has not been elaborated.

In normal neurons, tau proteins in monomeric form
bind the surface of microtubules, regulating both
microtubule assembly and inter-microtubule spac-
ing.13-1 In contrast, tau in AD neurons forms the
polymeric straight and paired helical filaments. The
basis of this abnormal self-association remains un-
known. Although considerable attention has been
given to experiments implicating excessive protein
phosphorylation as a causative agent, 19,20 differ-
ences in the phosphate content of soluble and poly-
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meric tau purified from AD brain may be less a

reflection of their in vivo phosphorylation state than
an indication of their relative accessibility to phos-
phatases during the postmortem interval.21 Other
protein modifications, such as glycation,22'23 glyco-
sylation,24 25 carbamylation,26 or incorporation of D

aspartate,27 have also been implicated in the pro-

cess of paired helical filament assembly, but as in
the case of phosphorylation, no causal relation has
been established between amino acid modification
and rates of polymer assembly. NFT formation is not
uniquely associated with AD. In Guamanian parkin-
sonism,28 progressive supranuclear palsy,29 and
other disease states,30 the accumulation of tau poly-
mers occurs in the absence of amyloid pathology.

Amyloidic fragments of the amyloid precursor pro-

tein are a metabolic product of the normal brain and
can be isolated from the cerebrospinal fluid (CSF) of
nondiseased individuals.31'32 Variable cleavage of
the precursor protein results in the production of
multiple peptides (collectively referred to as AP3)
ranging in length from 39 (AP1_39) to 43 (AP31-43)
amino acids, with A/31 40 or A/31 42 being reported
as the predominant component of NP amyloid.3334
The longer AP3 variants, the carboxy termini of which
contain additional residues from the transmembrane
domain of the precursor protein, are more prone to
aggregation than their shorter counterparts.3536 The
addition of filamentous amyloid (as opposed to sol-
uble AP3) to cultured cells induces both neuronal
degeneration and the activation of astrocytes,37-3
suggesting that amyloid polymers may be causally
linked to the presence of degenerating neurons and
reactive glia in NPs. Mutations in the amyloid precur-

sor protein are linked to the onset of familial AD.
These amino acid substitutions increase the rate of
A,B release or the length and subsequent assembly
competence of the cleavage product resulting in
abnormally high rates of amyloid deposition.4041 In

the absence of such mutations, however, the impe-
tus for assembly remains unknown. Although amy-

loid plaques can also be observed in the brains of
aged, nondiseased humans and nonhuman species,
these brains are largely devoid of NFTs, and the
neurites associated with these plaques are devoid of
tau filaments.2'42

Synthetic amyloid peptides will assemble in vitro,
forming filaments resembling those isolated from
NPs.35 Polymerization has been demonstrated to
proceed as a function of pH and peptide concentra-
tion but independently of ionic strength. Tau proteins
purified from cycled microtubules (microtubule tau,
MTT) will also assemble in vitro, forming 10-nm fila-
ments morphologically similar to the straight fila-

ments observed in AD brain.43 This assembly reac-
tion was shown to be modulated by temperature, pH,
ionic strength, and reducing potential. Employing
these previously defined conditions for the in vitro
assembly of tau and amyloid polymers, we now re-
port that both types of pathological filament can be
induced to assemble by a single class of effector
molecules, the free fatty acids (FFAs).

Materials and Methods

Protein Isolation
Sprague-Dawley rats were obtained from Charles
River, Wilmington, MA, and killed by decapitation at
postnatal day 11 (juveniles) or at greater than 6
weeks of age (adults). Fresh porcine brains were
obtained from Bryan Meat Packing, Westpoint, MS.
Detailed protocols for the isolation of tau from whole
brain or twice-cycled brain microtubules have been
described.43 Nonphosphorylated, recombinant hu-
man tau (htau40)44 was the gift of Dr. Jeff Kuret,
Northwestern University Medical School, Chicago,
IL. Recombinant tau was produced in Escherichia coli
as a fusion protein with a polyhistidine tag and puri-
fied to near homogeneity by nickel-chelate and gel
filtration chromatography.45 After purification, tau
isolates were dialyzed against buffer A (20 mmol/L
morpholinoethanesulfonic acid, pH 6.8, 80 mmol/L
NaCI, 2 mmol/L EGTA, 1 mmol/L MgCI2, 0.1 mmol/L
EDTA) and stored at -800C. Protein concentrations
were determined using the method of Lowry46 after
samples in Laemmli sample buffer47 were precipi-
tated with 10 vol of 10% perchloric acid, 1% phos-
photungstic acid. Bovine serum albumin was used
as the standard.

Preparation of Fatty Acids
All FFAs were purchased in the cis conformation and
at maximal available purity from Sigma Chemical
Co., St. Louis, MO. Solutions made from crystalline
FFAs were prepared fresh before each use. FFAs
procured as liquids were repeatedly opened and
resealed with Parafilm until oxidation was indicated
by discoloration or an increase in viscosity. Qualita-
tively, no differences in assembly-promoting activity
were observed between newly opened products and
those stored between intermittent openings. FFAs
were diluted into tau and amyloid samples from a
200X ethanolic stock, such that the final ethanol con-
centration in all samples and controls was 0.5%.
Values for the critical micellar concentration (CMC)
were obtained based on the phase partitioning of 10
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gmol/L phenylnaphthylamine48 when FFAs were di-
luted into assembly buffer.

Tau Protein Assembly
For most experiments, tau proteins were diluted to
2X the desired concentration in buffer A and then
0.5X in borate saline (0.1 mol/L H3B03, 25 mmol/L
Na2B407, 75 mmol/L NaCI) supplemented with 20
mmol/L dithiothreitol (DTT) and 2X the required con-
centration of FFAs (final pH, -8.4). Assembly was
performed at 370C in siliconized microfuge tubes.
For evaluating the dependence of assembly on ionic
strength, tau was diluted 1/10 into 111 mmol/L Tris,
pH 7.2, 11 mmol/L DTT, supplemented to give the
indicated final concentrations of NaCI. At 250
mmol/L NaCI, the measured CMC of arachidonic
acid in the Tris buffering system was >2 mmol/L.

Amyloid Peptide Assembly

Apl_40 and AP31 42 peptides (Sigma) were resus-
pended in A,B assembly buffer (100 mmol/L Tris, pH
7.4, 150 mmol/L NaCI) at a concentration of 0.5
mg/ml (AP1340) or 0.05 mg/ml (Ap1 42) and frozen in
aliquots at -800C. Thawed aliquots of Af31 40 were
diluted to 50 ,ug/ml in assembly buffer and, after a
2-hour preincubation, were centrifuged for 10 min-
utes at 14,000 rpm in an Eppendorf 5415C desktop
centrifuge. The clarified solution was then supple-
mented with FFAs (final A,B concentration, -10,tmol/
L). Thawed aliquots of AP1 42 were not diluted, and
the preincubation and centrifugation steps were
omitted. Care was taken to perform all procedures at
40C.

Fluorescence spectroscopy was performed es-
sentially as described.49 Aliquots were diluted 1/6
into 67 mmol/L glycine, pH 9, 4 ,umol/L thioflavin T,
vortexed, and placed in a quartz cuvette. Samples
were read on a Perkin Elmer LS-50B luminescence
spectrometer; excitation = 435 nm, emission = 485
nm, and slit widths = 5 nm. The integrated intensity
was obtained from the initial 100-second sampling
interval. The signal was stable for several hours. The
fluorescence of samples lacking A,3 was averaged
and subtracted as background from all readings.
FFAs did not contribute to the fluorescence signal
over the range of concentrations employed.

Electron Microscopy
Samples were placed in 10-,tl aliquots onto 400-
mesh nickel grids coated with 0.4% Formvar for 1
minute. Tau samples were rinsed with 4 drops of

H20 and stained with 4 drops of 2% uranyl acetate,
the last drop sitting 1 minute before blotting. For
staining of amyloid filaments, 4% uranyl acetate was
used and the H20 rinse was omitted. Grids were
examined using a JEOL JEM-100CX transmission
electron microscope operated at 60 to 80 kV. For
filament length measurements, random micrographs
obtained at a nominal magnification of x 15,000 were
digitized and traced using either software from Uni-
versal Imaging Corp. or the public domain NIH Im-
age program (for Macintosh; written by W. Rasband
at the National Institutes of Health and available from
the Internet by anonymous ftp from zippy.nimh.nih-
.gov or on floppy disk from NTIS, Springfield, VA,
part number PB93-504868). Only tau filaments mea-
suring at least 50 nm were included in data sets.
Because short filaments were sometimes difficult to
distinguish from background debris in digitized im-
ages, high concentrations of DTT were routinely
used to maximize the production of longer filaments.
Fields selected at random were chosen at low illumi-
nation and without the aid of the 1Ox binoculars so
that Formvar integrity could be assessed without
viewing the filaments present.

Results

Fatty Acid Dependence of Tau Assembly
The assembly-promoting activity of FFAs were exam-
ined using conditions similar to those previously
shown to be useful for studying tau assembly.43 Ar-
achidonic acid (5,8,11,14-eicosatetraenoic acid), a
principal polyunsaturated FFA in mammalian
brain,50 was observed to stimulate the polymeriza-
tion of all tau preparations examined. Juvenile MTT
(from rats, postnatal day 11), which is uniquely com-
posed of the smallest of the six tau isoforms pro-
duced in adult brain,18 assembled in a dose-depen-
dent manner (Figure 1A). The apparent threshold for
stimulation was a function of time and was less than
10 ,umol/L at the longest time tested. When the data
in Figure 1A are replotted such that the polymer
mass is expressed as a function of time (Figure 1 B),
the curves generated are essentially linear with no
evidence of plateauing, indicating that the rate of
assembly is relatively constant up to 66 hours (80
,tmol/L) or 108 hours (20 ,umol/L and 40 ,umol/L).
Arachidonic acid also stimulated the polymerization
of adult rat MTT (Figure 1C). This preparation exhib-
ited a greater potential for spontaneous assembly
than juvenile MTT, as well as larger absolute in-
creases in polymer formation at arachidonic acid
levels of 10 to 40 ,umol/L. Juvenile MTT, however,
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Figure 1. Arahidonic acid dependence /f taoi assembly. A: Samples of
juvenile rat MTT used at 100 ,ug/ml ( 2.5 ,utmol/L) were supplemented
u'ith the indicated concentratioos ofarachidonic acid and assembled
for 24 booir- (U), 66 hotors (ED, 108 bours (-), or 214 hours (0). B:
The data from A, with polymer ma.ss replotted as a fulnction of time.
Samples were incubated itn the presence of20 ,umol/L (-), 40 /umol"L
(0), or 80 l.tmolL arachidonic acid (a). C: Tai polymers were as-

sembled from adult rat MTT (100 jig/ml, 0), tau purifiedfirom porcinze
uhole brain (200 j.glml; O), or putrified human recombinant tau
eApressed in E. coli (200 ,ug/ml; *). Samples were incuibated for 66
hours. General conclusions cannot be made regardinig the relative
efficacy oJ/assembly of tato purified by the differenit niethods due to the
different species of origin. All samnples (A to C) were negatively stained
u.ith 2% uraniYl acetate, and electron micrographs of random fields
were digitized and traced. Values shouwn are the average summed
polymer length field + SEM; n 12.

displayed a larger percent increase in assembly
when stimulated by 40 to 80 ,umol/L arachidonic
acid. Under the same conditions, no spontaneous
assembly was exhibited by human recombinant tau
and tau purified from porcine whole brain. Filaments
were observed, however, when these tau prepara-
tions were incubated with 20 to 80 ,tmol/L arachi-
donic acid (Figure 1C). Although levels of spontane-
ous and inducible assembly varied between the
different tau preparations, the source of this variance
could not be determined due to differences in the
concentration of protein employed (100 to 200 ,ug/
ml), levels of post-translational modification, and
species-specific differences in amino acid se-
quence.

To determine which FFA could most effectively be
used as inducers of tau assembly, the stimulatory ef-
fects of FFAs that differed in the length of their carbon
chain and extent of saturation were examined. In gen-
eral, for any given chain length tested, unsaturated
FFAs were more potent than saturated FFAs (Table 1).
A 20- to 30-fold increase in polymer formation was
observed when using 50 ,umol/L arachidonic, palmito-
leic, or linoleic acid. The stimulatory effects of FFAs
were not due to localized concentrations of surface
charge produced by fatty acid aggregation, as mea-
surement of the CMC of some representative FFAs
indicates that they were effective at concentrations be-
low this value (Table 1). Based on the qualitative ex-
amination of grids, tau assembly did not appear to be
stimulated by the methyl or ethyl esters of arachidonic
acid, which were also used at 50 ,umol/L (below their
measured CMC values).

Characteristics of Fatty-Acid-Induced Tau
Polymers
The addition of FFAs to tau samples appears to
modulate the rate of assembly but not the nature of
the polymers formed. Filaments assembled from MT-
in the absence of FFAs (Figure 2A) are morphologi-
cally indistinguishable from those assembled in the
presence of 50 ,tmol/L arachidonic acid (Figure 2B).
Filament morphology did not appear to vary when
the source of purified tau was porcine whole brain
(Figure 2C) or human recombinant tau (Figure 2D).
Arguments for the probable equivalence of these in
vitro assembled filaments with Alzheimer's straight
filaments were provided in an earlier report.38 We
have since found that filaments assembled under
these conditions are positive for thioflavin binding
(Dr. Jeff Kuret, personal communication) and that
their assembly is nucleated by purified paired helical
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Table 1. Tait Polymerlzation Induced by Different FFAs

Fatty acid

Control (no fatty acid)
5,8,11,14,1 7-Eicosapentaenoic acid (20:5)
5,8,11 ,14-Eicosatetraenoic acid (20:4)
8,11,14-Eicosatrienoic acid (20:3)
11,14-Eicosadienoic acid (20:2)
11 -Eicosenoic acid (20:1)
9,12,15-Linolenic acid (18:3)
9,12-Linoleic acid (18:2)
9-Oleic acid (18:1)
Stearic acid (18:0)
9-Palmitoleic acid (16:1)
Palmitic acid (16:0)
Myristic acid (14:0)

Polymer mass
(lm/field)
0.63 + 0.17

11.81 + 1.51
24.51 + 2.58
7.99 + 1.55
1.20 ± 0.32
8.23 + 1.36
4.01 + 0.72
14.74 + 3.31
7.36 + 1.77
3.60 + 0.54

23.69 + 4.11
7.37 + 0.92
5.50 + 0.76

maximum

3
48
100
33
5

34
16
60
30
15
97
30
22

CMC
(mmol/L)

NA
0.16
NA
NA
NA
NA
0.21
0.59

>1
0.44
NA

>1

Tau filaments were assembled using juvenile rat MTT. Samples were incubated for 72 hours in the presence of 50 ,umol/L FFA. Polymer
mass is expressed as the average + SEM (n = 12) or relative to the maximal assembly achieved with arachidonic acid. NA, not available.

filaments (Wilson and Binder, unpublished data). Hy-
brid filaments formed in these latter experiments
suggest that in vitro assembled filaments are struc-
turally equivalent to one-half of a paired helical fila-
ment.
The polymerization of tau filaments in the pres-

ence of 50 ,tmol/L arachidonic acid was dependent

Figure 2. Morphology of tan filaments formed in the presence or ab-
woence of arachidonic acid. Tau polymers wvere assembled using adult
rat MTT (A and B), porcine whole brain tau (C), or human recombi-
ntant tanl (D). Samples were inctubatedfor 72 houirs in the absence (A)
or presenzce (B to D) of 50 ,.Lmol L arachidonic acid. Bar, 100 nm.

on temperature, ionic strength, and reducing poten-
tial, as was previously demonstrated for polymeriza-
tion in the absence of FFAs,43 supporting the con-
clusion that filament structure is not altered by FFAs.
Juvenile MTL exhibited an approximately 500% in-
crease in assembly when the temperature was
raised from 40C to 370C (Figure 3A). The assembly of
adult MTT was not dependent on temperature (Fig-
ure 3A), however, indicating again that adult specific
amino acid sequences and/or states of post-transla-
tional modification are altering thermodynamic pa-
rameters of the assembly process. Concentrations of
NaCI near 150 mmol/L appeared to be optimal for
the polymerization of adult MTT, whereas higher con-
centrations were inhibitory (Figure 3B). This differs
somewhat from earlier findings demonstrating inhibi-
tion at salt (NaCI plus KCI) concentrations of only 65
mmol/L, suggesting that FFAs shift the ionic strength
dependence closer to a physiological optimum. As-
sembly of adult MTT was also a function of the re-
ducing potential (Figure 3C). The increase in aver-
age filament length produced by increasing the
concentration of DTT was accompanied by a de-
crease in the total number of filaments. Finally, as-
sembly of adult and juvenile MTL in the presence of
50 ,umol/L arachidonic acid was completely inhibited
below pH 6, and all filament populations analyzed
exhibited an exponential distribution of filament
lengths (data not shown), consistent with data gen-
erated in the absence of FFAs.43

Fatty Acid Dependence ofAmyloid
Assembly
Given the concomitant appearance of tau and amy-
loid pathology in the AD brain, we sought to deter-
mine whether Af3 assembly could also be stimulated
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Materials and Metbods for the buffer conditions
assembled in the presence of the indicated conc,

increase in mean filament length (0) seen witi
trations ofD7T was reflected by a decrease in the
field (0).

by FFAs. Oleic acid and linoleic acid, which consti-
tute 45% of the unsaturated fatty acid content of the
CSF51 were initially chosen for these experiments
because unsaturated FFAs appeared to induce tau
assembly more effectively. Based on an earlier

", study,35 conditions were chosen in which spontane-
ous assembly of the AP3 would be expected to be
minimal to optimize our ability to detect FFA-depen-
dent polymerization. After a 2-hour preincubation
and a brief clarifying spin, solutions of Af31 40 (10
..N/ nov nrmiinor A k%j nIn-rvrrn rnifrrnonnnxi % AirnuI IU/L) examilIeI uy eiLeuLruri rTIluruzuupy were

I I characterized by the presence of relatively short
30 36 (<0.5 gum) filaments dispersed individually or in

0C) small aggregates across the grid surface (Figure
4A). When samples were incubated for 24 hours in
the absence of FFAs, filaments were more aggre-
gated and exhibited a moderate increase in length
(Figure 4B). In contrast, when samples were incu-
bated with oleic or linoleic acid, a dramatic increase
in filament lengths was observed (Figure 4, C and D).
Filament widths were on the order of 5 to 10 nm,
similar to values reported for other in vitro assembled
amyloid fibrils.35,49 When the AP3 concentration was
increased from 10 ,umol/L to 25 ,umol/L, there was a
considerable increase in the spontaneous formation
of amyloid filaments, making the relative contribution

200 250 of FFAs difficult to assess. Due to filament aggrega-
tion and the non-uniform dispersal of such aggre-
gates on the grid surface, filament densities ob-
served in Figure 4 are not necessarily indicative of
filament densities in solution.

V Although FFAs appeared to have a pronounced
L effect on filament elongation, microscopic methods
en alone could not ascribe this to an induction of sub-

unit incorporation. Filament elongation could result
E
co from the lateral or endwise annealing of the short
IL filaments observed in the absence of FFAs. A fluoro-
* metric assay was, therefore, employed as a measure

of the total polymer mass present in peptide solu-
tions. This assay is based on unique excitation and

10 emission maxima that result from the binding of thio-
mM) flavin T to the (3-sheet structure of proteins.5253

Quantitative results obtained by this method were
vepresence ofarachi- consistent with observations made by electron mi-
t MTT and 50p.mollL
ours. Electron micro- croscopy. The fluorescence signal indicated low lev-
zed and traced, and els of polymer formed in the absence of FFAs and no
A and B) oras mean
,). In all cases, values increase above baseline in the presence of 10 to 20
les ofjuvenile (0) or ,umol/L FFAs (Figure 5). Significant increases (2.7- to
'C. B: Adult tan u'as
ntration of NaCl (see 3.7-fold) in the polymer content were observed at
s). C: Aduilt tan uwas oleic and linoleic acid concentrations of 40 ,umol/L.
entration of DTF. An
b inzcreasing concen_ At higher concentrations of FFAs, linoleic acid was
number offilaments/ distinguished as the more potent inducer of Aj31j40

assembly. This demonstration of an increase in total
polymer mass induced by FFAs indicates that fila-
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A

Figure 4. Fattv-acid-depenident assembly ofamnyloid: electron microscopy. A and B: Filamentous aggregates present in solutions ofamyloid peptide
before (A) or after(B) a 24-hotir incuibation in the absence ofFFA. C and D: Longfilaments resultitgfrom a 24-h incubation with 40 ,umol/L oleic
acid (C) or 50 gntmol/L linoleic acid (D). All samples were stained with 4% uranyl acetate andphotographed at a nominal magnification ofX30, 000.
Bat- 275 tnm.

ment elongation cannot be solely attributed to the
annealing of pre-existing filaments but rather must
involve the further incorporation of peptide subunits.
The potential involvement of FFAs in amyloid for-

mation was further examined using the more highly
amyloidogenic peptide Af31 42. The thioflavin bind-
ing assay was used to assess the assembly-promot-
ing effects of palmitic, palmitoleic, oleic, linoleic, and
arachidonic acid. These FFAs collectively represent
over 50% of the saturated and unsaturated FFAs
normally present in the CSF.51 Each of the FFAs
employed at a concentration of 60 ,tmol/L induced
significant increases in A,31 42 assembly (Figure 6).

The least effective was the saturated FFA palmitic
acid, which produced a 65% increase in assembly
(P < 0.01, Student's t-test). Polyunsaturated linoleic
and arachidonic acid were the most effective induc-
ers of assembly as evidenced by an approximately
sevenfold increase in thioflavin binding. Examination
of samples by electron microscopy confirmed that
increases in thioflavin binding induced by unsatu-
rated FFAs were accompanied in each case by ob-
vious increases in structures possessing a filamen-
tous morphology (data not shown). This could not be
confirmed for palmitic acid; smaller increases in the
formation of filamentous amyloid were probably ob-

f~- -_gbuib;LEl'_1

,
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scured by the presence in both controls and FFA-
treated samples of large electron-dense peptide ag-

gregates. It could not be determined whether these
aggregates represented nonfilamentous aggrega-

tion or closely packed accumulations of short amy-

loid filaments.

Discussion

A causal relation has been established between
FFAs and the in vitro assembly of polymers related to
those observed in the AD brain. Arachidonic acid
was observed to stimulate the polymerization of all
tau preparations examined, with assembly induced
by as little as 10 to 20 Amol/L FFA at tau concentra-
tions of 2.5 to 5 ,umol/L. These threshold levels of
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arachidonic acid coincide closely with concentra-
tions recently shown to act in concert with tau pro-
teins to activate phospholipase C-y.54 This enzyme-
modulating activity was attributed to tau proteins
after a functional screening of total brain cytosolic
proteins. Data describing the coordinate activation
of phospholipase C-y by tau and FFAs also resem-
bled tau polymerization data with respect to the rank
order of effectiveness of several of the FFAs exam-
ined (20:4 > 16:1 > 18:2 > 18:1 > 18:0). The acti-
vation of phospholipase C-y by tau proteins in con-
junction with FFAs underscores the possibility that
tau-FFA interactions might be important in normal
cellular metabolism as well as pathological assembly
reactions.

Measured differences in the spontaneous and in-
ducible assembly of the different tau isolates indi-
cate that sequence and/or phosphorylation is likely
to play a role in modulating tau polymerization. The
activity of kinases and phosphatases present during
tissue processing and microtubule cycling21 55 57 is
expected to produce a phosphorylation state for mi-
crotubule tau different from that of tau purified from
whole brain, as has been shown for microtubule-
associated protein-2.58 As juvenile and adult brain
contain different sets of developmentally regulated
kinases and phosphatases, MTT purified from these
two sources will also differ in their phosphate con-
tent. Recombinant tau proteins are presumed to con-
tain no phosphorylated residues. It should be
stressed that none of these phosphorylation states
necessarily occur in vivo. A comparison of tau as-
sembled in the presence and absence of FFAs re-
veals a similar dependence on several physical pa-
rameters and the formation of morphologically
indistinguishable filaments. As FFAs appear to stim-
ulate assembly without altering the type of filament
formed, they should prove to be of general utility in
studying the effects of phosphorylation and other
factors that might further modulate tau polymeriza-
tion.
One result that warrants closer examination due to

its implications for the mechanism of tau assembly is
the reciprocal relation between filament length and
filament numbers observed when the reducing po-
tential is varied. If nucleation and elongation events
compete for a limited pool of subunits, then the ef-
fects of increasing the reducing potential and
thereby decreasing disulfide-dependent dimeriza-
tion could be interpreted in two ways. First, decreas-
ing dimerization may promote elongation at the ex-
pense of nucleation. This implies that tau dimers
formed in an excess of DTT can inhibit the addition of
tau monomers to filament ends, which seems un-
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likely given the large excess of monomers expected
to be present under these conditions. Second, de-
creasing dimerization may inhibit nucleation, allow-
ing for greater elongation. Consistent with the latter
interpretation is a >50% decrease in total polymer
mass (filament number x average length; Figure 3C)
observed when assembly at 10 mmol/L DTT is com-
pared with assembly at 0.01 to 1.0 mmol/L DTT,
indicating that a larger reducing potential has an
overall inhibitory effect on assembly. This interpreta-
tion of the data supports previous reports that inter-
molecular disulfide-based dimerization precedes
polymerization of a tau deletion construct.5960 We
have previously speculated that a hydrophobic do-
main produced by folding events that precede poly-
merization might protect a disulfide bond shared by
two apposed tau monomers, allowing for the forma-
tion of significant numbers of dimers under reducing
conditions.43 The stimulatory effect of FFAs on tau
polymerization could be mediated by a stabilization
of this hydrophobic domain and the associated
folded conformation of tau. As pointed out by other
authors,6061 the dependence of assembly on sulfhy-
dryl oxidation provides one mechanism by which
increases in oxidative stress might contribute to
rates of polymer deposition.
The ability of FFAs to stimulate amyloid assembly

could also result from the stabilization of an assem-
bly-competent conformation of the A,3 peptide. The
thioflavin binding assay indicates that FFAs stimulate
an increase in polymer mass, but it does not resolve
the relative contributions of filament nucleation and
elongation. The paucity of short filaments in samples
of A,31_40 treated with FFAs, however, suggests that
nucleation is limited. Because in these samples
spontaneous assembly is observed at 25 ,xmol/L but
not 10 ,tmol/L peptide, in a 10 ,umol/L solution lack-
ing FFAs, the concentration of soluble assembly-
competent peptide is presumably below the critical
concentration (Cc) required for filament nucleation
and low enough to produce minimal filament elonga-
tion. Stabilization of the assembly-competent confor-
mation of the peptide by FFAs could increase the
rate of filament elongation, resulting in measurable
growth of the population of short filaments initially
present in the peptide solution. Alternatively, the ad-
dition of FFAs may lower C. below 10 ,tmol/L, result-
ing in the transient generation of stable nuclei until
further subunit incorporation reduces the peptide
concentration below the new Cc. Several lines of
evidence indicate that the amphipathic nature of A,B
leads to peptide micellation and that filament nuclei
are released from the highly aggregated micellar
A3.62'63 In this case, Cc is equal to the CMC. Under

conditions similar to those employed in the current
study, the CMC for A,1-40 and Af31l42 was reported
to be 25 .tmol/L,62 consistent with the onset of spon-
taneous assembly we observed at 25 ,umol/L. It is
possible that the interaction of FFAs with A,B lowers
the CMC and the associated Cc for nucleation. Po-
tential interactions with FFAs are likely to be medi-
ated by the hydrophobic residues of the Aj3 peptide.
The reported interaction of apolipoprotein E (apoE)
with AP is also dependent on hydrophobic proper-
ties of AP and is mediated by the lipid-binding do-
main of apoE.64'65 Thus, the assembly-promoting
activity of apoE49.66 and FFAs may be a property
shared by a variety of hydrophobic substrates. Given
that f3-amyloid polymerization appears to be a re-
versible process,6' any factors that increase the rate
of filament elongation would decrease the net disas-
sembly and normal clearance of amyloid polymers,
thereby contributing to amyloid deposition. It is note-
worthy that the polymerization of amyloid and tau
filaments was stimulated by similar concentrations of
FFAs, as would be expected if the dual processes of
NP and NFT formation share a common effector
molecule.

Recognizing the potential contribution of FFAs to
AD pathology, it is of interest to examine whether
concentrations of FFAs demonstrated to stimulate
polymer assembly in vitro might be of physiological
relevance in vivo. The intracellular concentration of
FFAs has not been directly measured, but it is likely
to be in the low micromolar range. This is inferred
from the dissociation constants (0.2 to 3.0 ,tmol/L)
reported for the binding of FFAs to fatty-acid-binding
proteins,68 a class of proteins believed to facilitate
diffusion and act as intracellular buffers of FFAs. The
induction of an FFA-dependent pathological effect,
therefore, might be expected to occur at FFA con-
centrations in the low micromolar range (ie, slightly
higher than normal physiological concentration),
consistent with the apparent threshold of 5 to 10
,umol/L demonstrated for the stimulation of tau as-
sembly. In the CSF, unesterified fatty acid concen-
trations have also been measured in the low micro-
molar range (10-6 to 10-5) but are reported to rise
as high as 30 to 50 ,umol/L in response to physical
trauma.69 As the average concentration of albumin in
the normal CSF is only 2.2 ,umol/L,70 even with six to
eight high-affinity FFA-binding sites,71173 the buffer-
ing capacity of albumin may be exceeded under
some trauma-related conditions. Local elevations of
extracellular FFAs could also produce changes in
intracellular FFA levels, as FFAs are able to diffuse
across cellular membranes. Levels of FFAs sufficient
to induce polymer assembly are unlikely to exert
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detergent or other toxic effects on neurons; 10
,umol/L oleic or palmitic acid had no effect on the
survival of cultured rat hippocampal neurons,74 and
10 to 100 ,umol/L linoleic or linolenic acid actually
induced neurite elongation in cultured PC12 cells.75
Given the substantial release of FFAs observed in
response to physical trauma, it is interesting to note
the increase in amyloid deposition and the increased
prevalence of AD among victims of head trau-
ma. 76,77
The ability of unsaturated FFAs to stimulate tau

and A,B assembly suggests that enzymes with phos-
pholipase A2 (PLA2) activity may be relevant to the
generation of AD pathology. Many PLA2 enzymes
are Ca2+ activated and coupled directly or indirectly
to signal-transducing, heterotrimeric G proteins,78
which are in turn activated by many factors, includ-
ing receptor-bound neurotransmitters, hormones,
and cytokines, bacterial toxins, and aluminum flu-
orate.78-80 Levels of arachidonic acid produced by
PLA2 activity are elevated during long-term potenti-
ation, a phenomenon associated with the process of
memory formation.81'82 Under some conditions, lec-
ithin cholesterol acyl transferase (LCAT) also exhibits
a PLA2 activity. Serum LCAT normally liberates fatty
acids from phospholipids and catalyzes their ester-
ification with free cholesterol. In the absence of suf-
ficient free cholesterol, the net effect is the genera-
tion of FFAs.83 This enzyme, which is synthesized in
the brain and is a component of lipoproteins in the
CSF,84'85 may be of particular importance given that
it is activated by apoE,8' a recently identified genetic
risk factor for AD.6487 It is not known whether the
risk-defining allelic variations in apoE can modulate
its activation of LCAT.

In a multifactorial disease characterized by the
appearance of two distinct lesions that occur con-
comitantly but are nonetheless distributed through
the brain in a noncorrelative manner, the diffusable
FFAs are attractive candidates as effectors of patho-
genesis. The following model (schematized in Figure
7) is proposed as an example of how the spatial and
temporal progression of AD could result from FFA
disequilibria. Beginning with the earliest stage of NP
formation, a toxic effect produced by an initial dep-
osition of filamentous amyloid results in the degen-
eration of neurites and the activation of glial cells in
the surrounding neuropil. This initial polymerization
of amyloid occurs when the local concentration of AP3
surpasses the critical concentration for assembly.
This would result from an increase in peptide con-
centration or a decrease in the critical concentration,
either of which could potentially be attributed to a
number of factors of genetic or environmental origin.

Neuritic Plaque Neurofibrillary Tangle
Figure 7. The FFA model ofAD pathogenesis. The relationship between
the various elements postulated to contribute to the formatiotn of NPs
and NFTs are sbown for the case in uhich apoE is a risk-defining
factor. 7The commotn effector molecule is the FFA, ubhich can be carried
from its point of origin in the NPs to anatomically distant sites ofNFT
formation by the circulating CSF. See textfor details.

As astrocytes associated with the primordial plaque
are activated, either in direct fashion by amyloid
filaments37 or indirectly via cytokines secreted by
activated microglia,88 they exhibit an increase in
apoE production as is in fact observed in the AD
brain.89 We would then speculate that the different
isoforms of apoE, by virtue of their role in the regu-
lation of lipid trafficking and metabolism, are able to
effect an isoform-dependent increase in FFA re-
lease. There are several ways in which this might be
envisaged, invoking only elements of previously de-
fined metabolic pathways (see below). With the
apoE-dependent stimulation of FFA release comes a
further induction of amyloid assembly and the estab-
lishment of a positive feedback loop that accelerates
the further evolution of the plaque. In addition, local
increases in FFAs would induce the assembly of tau
polymers within degenerating neurites associated
with the plaque. With regard to tau polymerization in
NFTs and neuropil threads, it should first be noted
that tau proteins are constitutively exposed to some
baseline concentration of FFAs as a result of the
normal activity of intracellular lipases. Vulnerable
neurons could be primed for the assembly of tau
filaments by any number of conditions that conspire
to increase this baseline level of exposure. If intra-
cellular levels of FFAs are supplemented to a suffi-
cient degree by NP-derived FFAs circulating in the
CSF, then the process of tau polymerization would
be initiated within the population of primed neurons.
As lipid metabolism in the brain is at present

poorly understood, the means by which increased
levels of apoE could potentially modulate FFA re-
lease must in large part be discussed in light of the
known roles of this protein in serum lipid metabolism.
As mentioned above, apoE is an activator of LCAT. If
the rate of cholesterol esterification by LCAT is lim-
ited by the availability of unesterified cholesterol in
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the CSF, then an increased activation of LCAT re-
sulting from higher concentrations of secreted apoE
might cause the deacylating activity of the enzyme to
exceed the cholesterol-esterifying activity of the en-
zyme. This would result in an extracellular release of
FFAs from apoE-associated lipids. It is interesting to
note in this regard that levels of unesterified choles-
terol measured in membranes extracted from tem-
poral cortex are decreased an average of 30% in AD
brain relative to nondemented controls.90 Alterna-
tively, apoE might modulate intracellular release of
FFAs through its presentation of lipids to cells. In this
regard, an isoform-specific binding of apoE to Ii-
poproteins and the low-density lipoprotein receptor
has been demonstrated.91 The action of lysosomal
lipases on internalized lipoproteins results in the
generation of FFAs that can diffuse across the lyso-
somal membrane. Therefore, the release of assem-
bly-inducing FFAs into the cytoplasm could be mod-
ulated by the rate at which different apoE isoforms
mediate lipoprotein internalization, as well as by the
ability of different apoE isoforms to preferentially in-
teract with distinct lipoprotein subpopulations based
on their lipid content. One apoE receptor, the very-
low-density lipoprotein receptor, is present at in-
creased levels in the AD brain and has been identi-
fied as a risk factor for AD in a Japanese population.
A twofold increase in the incidence of AD was ob-
served among individuals who were homozygous for
a specific allele of this receptor.92 Regardless of the
means of liberation, the FFA model of pathogenesis
clearly predicts that CSF levels of FFAs would be
increased in AD and that, in the absence of a com-
pensatory mechanism, these levels would be pro-
portional to the total plaque load in the brain.

In the FFA model of pathogenesis, one initiating
event is the assembly of amyloid filaments, consis-
tent with the amyloid cascade hypothesis.93 Patho-
logical rates of amyloid deposition might result from
environmental factors or a genetic predisposition, as
has been demonstrated to result from mutations in
the amyloid precursor protein and presenilin
genes.4041.94 In contrast to the amyloid cascade
hypothesis, however, the FFA model allows that risk
factors for AD would not be limited to those that
initially increase rates of amyloid polymerization but
would also include factors that link NP genesis to
mechanisms of FFA release. Thus, apoE is invoked
in its originally characterized capacity as a mediator
of lipid metabolism. The pivotal role ascribed to gli-
osis in the FFA model also suggests a means by
which chronic inflammatory or acute-phase pro-
cesses that have been implicated in AD pathogen-
esis8895-97 might initiate or exacerbate some AD

cases. The FFA model also implies that the targeting
of a neuron for NFT formation is separable from the
subsequent death of that neuron and that tau poly-
merization contributes directly to neuronal dysfunc-
tion and the resulting clinical manifestations of the
disease. This contrasts with the view that NFTs are
merely "tombstones" of the necrotic process. As
FFAs derived from sources other than NPs could
also potentially induce tau polymerization, NFTs
might be expected to occur in other pathological
states characterized by intracellular FFA release and
the absence of NPs. Similarly, in the absence of risk
factors that link the deposition of amyloid to FFA
release, moderate levels of amyloid assembly could
be tolerated without a concomitant induction of tau
pathology.
The demonstration of FFA-stimulated tau and

amyloid assembly provides new evidence that for-
mation of these structurally unique lesions in AD
could be mediated by a common effector molecule.
The relevance of FFAs to biological systems leads to
a straightforward model of pathogenesis that effec-
tively incorporates identified risk factors and sug-
gests an explanation for the concomitant appear-
ance of the extracellular amyloid and intracellular tau
polymers that is uniquely observed in the AD brain.
The implication of various enzymes with lipase activ-
ity in AD pathogenesis suggests potential therapeu-
tic targets for the treatment of AD and other diseases
characterized by neurofibrillary degeneration.

Acknowledgments
We thank Bryan Meat Packing, Westpoint, MS, for
generously providing fresh porcine brains; Dr. Jeff
Kuret for providing recombinant tau protein; Dr. Tom
Howard, Dr. Paul Janmey, and Dr. Clifford Saper for
kindly providing access to essential equipment; and
Dr. Michelle Fry, Dr. Ken Kosik, Dr. Jeff Kuret, and
Dr. Mary Jo LaDu for critical readings and insightful
discussions.

References

1. Braak H, Braak E: Neuropathological stageing of Al-
zheimer-related changes. Acta Neuropathol 1991, 82:
239-259

2. Wisniewski HM, Terry RD: Reexamination of the patho-
genesis of the senile plaque. Prog Neuropathol 1973,
2:1-26

3. Kang J, Lemaire H-G, Unterbeck A, Salbaum JM, Mas-
ters CL, Grzeschik K-H, Multhaup G, Beyreuther K,
Muller-Hill B: The precursor of Alzheimer's disease



2192 Wilson and Binder
AJPJune 1997, Vol. 150, No. 6

amyloid A4 protein resembles a cell-surface receptor.
Nature 1987, 325:733-736

4. Haass C, Selkoe DJ: Cellular processing of ,B-amyloid
precursor protein and the genesis of amyloid ,B-pep-
tide. Cell 1993, 75:1039-1042

5. Kidd M: Paired helical filaments in electron microscopy
of Alzheimer's disease. Nature 1963, 197:192-193

6. Yagishita S, Itoh Y, Nan W, Amano N: Reappraisal to
the fine structure of Alzheimer's neurofibrillary tangles.
Acta Neuropathol 1981, 54:239-246

7. Kondo J, Honda T, Mori H, Hamada Y, Miura R,
Ogawara M, Ihara Y: The carboxyl third of tau is tightly
bound to paired helical filaments. Neuron 1988, 1:827-
834

8. Wischik CM, Novak M, Thogersen HC, Edwards PC,
Runswick MJ, Jakes R, Walker JE, Milstein C, Roth M,
Klug A: Isolation of a fragment of tau derived from the
core of the paired helical filaments of Alzheimer's dis-
ease. Proc Natl Acad Sci USA 1988, 85:4506-4510

9. Greenberg SG, Davies P: A preparation of Alzheimer
paired helical filaments that displays distinct T proteins
by polyacrylamide gel electrophoresis. Proc Natl Acad
Sci USA 1990, 87:5827-5831

10. Probst A, Basler V, Bron B, Ulrich J: Neuritic plaques in
senile dementia of Alzheimer type: a Golgi analysis in
the hippocampal region. Brain Res 1983, 268:249-254

11. Braak H, Braak E, Grundke-lqbal I, lqbal K: Occur-
rence of neuropil threads in the senile human brain and
in Alzheimer's disease: a third location of paired helical
filaments outside of neurofibrillary tangles and neuritic
plaques. Neurosci Lett 1986, 65:351-355

12. Yamaguchi H, Nakazato Y, Shoji M, Ihara Y, Hirai S:
Ultrastructure of the neuropil threads in the Alzheimer
brain: their dendritic origin and accumulation in the
senile plaques. Acta Neuropathol 1990, 80:368-374

13. Weingarten MD, Lockwood AH, Hwo SY, Kirschner
MW: A protein factor essential for microtubule assem-
bly. Proc Natl Acad Sci USA 1975, 72:1858-1862

14. Cleveland DW, Hwo SY, Kirschner MW: Purification of
tau, a microtubule-associated protein that induces as-
sembly of microtubules from purified tubulin. J Mol Biol
1977, 116:207-225

15. Cleveland DW, Hwo SY, Kirschner MW: Physical and
chemical properties of purified tau factor and the role
of tau in microtubule assembly. J Mol Biol 1977, 116:
227-247

16. Drubin DG, Kirschner MW: Tau protein function in living
cells. J Cell Biol 1986, 103:2739-2746

17. Hirokawa N, Shiomura Y, Okabe S: Tau proteins: the
molecular structure and mode of binding on microtu-
bules. J Cell Biol 1988, 107:1449-1459

18. Lee G: Tau protein: an update on structure and func-
tion. Cell Motil Cytoskel 1990, 15:199-203

19. Trojanowski JQ, Lee V M-Y: Paired helical filament tau
in Alzheimer's disease: the kinase connection. Am J
Pathol 1994, 144:449-453

20. Goedert M, Jakes R, Spillantini MG, Crowther RA, Co-
hen P, Vanmechelen E, Probst A, Gotz J, Burki K: Tau

protein in Alzheimer's disease. Biochem Soc Trans
1995, 23:80-85

21. Matsuo ES, Shin R-W, Billingsley ML: Van deVoorde A,
O'Connor M, Trojanowski JQ, Lee VM-Y: Biopsy-de-
rived adult human brain tau is phosphorylated at many
of the same sites as Alzheimer's disease paired helical
filament tau. Neuron 1994, 13:989-1002

22. Ledesma MD, Bonay P, Colaco C, Avila J: Analysis of
microtubule-associated protein tau glycation in paired
helical filaments. J Biol Chem 1994, 269:21614-21619

23. Yan SD, Chen X, Schmidt AM, Brett J, Godman G, Zou
YS, Scott CW, Caputo C, Frappier T, Smith MA, Perry
G, Yen S-H, Stern D: Glycated tau protein in Alzheimer
disease: a mechanism for induction of oxidant stress.
Proc Natl Acad Sci USA 1994, 91:7787-7791

24. Arnold CS, Johnson GVW, Cole RN, Dong DL-Y, Lee M,
Hart GW: The microtubule-associated protein tau is
extensively modified with 0-linked N-acetylglu-
cosamine. J Biol Chem 1996, 271:28741-28744

25. Wang J-Z, Grundke-lqbal I, lqbal K: Glycosylation of
microtubule-associated protein tau: an abnormal post-
translational modification in Alzheimer's disease. Na-
ture Med 1996, 2:871-875

26. Farias GA, Vial C, Maccioni RB: Functional domains on
chemically modified tau protein. Cell Mol Neurobiol
1993, 13:173-182

27. Kenessey A, Yen S-H, Liu WK, Yang XR, Dunlop DS:
Detection of D-aspartate in tau proteins associated with
Alzheimer paired helical filaments. Brain Res 1995,
675:183-189

28. Hirano A, Dembitzer HM, Kurland LT, Zimmerman HM:
The fine structure of some intraganglionic alterations:
neurofibrillary tangles, granulovacuolar bodies and
"trod-like" structures as seen in Guam amyotrophic lat-
eral sclerosis and Parkinsonian-dementia complex.
J Neuropathol Exp Neurol 1968, 27:167-182

29. Tellez-Nagel I, Wisniewski HM: Ultrastructure of neuro-
fibrillary tangles in Steele-Richardson-Olszewski syn-
drome. Arch Neurol 1973, 29:324-327

30. Wisniewski K, Jervis GA, Moretz RC, Wisniewski HM:
Alzheimer neurofibrillary tangles in diseases other than
senile and presenile dementia. Ann Neurol 1979,
5:288-294

31. Haass C, Schlossmacher MG, Hung AY, Vigo-Pelfrey
C, Mellon A, Ostaszewski BL, Lieberburg I, Koo EH,
Schenk D, Teplow DB, Selkoe DJ: Amyloid ,B-peptide is
produced by cultured cells during normal metabolism.
Nature 1992, 359:322-325

32. Seubert P, Vigo-Pelfrey C, Esch F, Lee M, Dovey H,
Davis D, Sinha S, Schlossmacher M, Whaley J,
Swindlehurst C, McCormack R, Wolfert R, Selkoe D,
Lieberburg I, Schenk D: Isolation and quantification of
soluble Alzheimer's f3-peptide from biological fluids.
Nature 1992, 359:325-327

33. Mori H, Takio K, Ogawara M, Selkoe DJ: Mass spec-
trometry of purified amyloid f protein in Alzheimer's
disease. J Biol Chem 1992, 267:17082-17086

34. Miller DL, Papayannopoulos IA, Styles J, Bobin SA, Lin



FFA-lnduced Tau and Amyloid Assembly 2193
AJP June 1997, Vol. 150, No. 6

YY, Biemann K, lqbal K: Peptide compositions of the
cerebrovascular and senile plaque core amyloid de-
posits in Alzheimer's disease. Arch Biochem Biophys
1993, 301:41-52

35. Burdick D, Soreghan B, Kwon M, Kosmoski J, Knauer
M, Henschen A, Yates J, Cotman C, Glabe C: Assem-
bly and aggregation properties of synthetic Alzhei-
mer's A4/IB amyloid peptide analogs. J Biol Chem
1992, 267:546-554

36. Jarrett JT, Berger EP, Lansbury PT Jr: The carboxy
terminus of the ,3 amyloid protein is critical for the
seeding of amyloid formation: implications for the
pathogenesis of Alzheimer's disease. Biochemistry
1993, 32:4693-4697

37. Pike CJ, Cummings BJ, Monzavi R, Cotman CW:
f-Amyloid-induced changes in cultured astrocytes
parallel reactive astrocytosis associated with senile
plaques in Alzheimer's disease. Neuroscience 1994,
63:517-531

38. Simmons LK, May PC, Tomaselli KJ, Rydel RE, Fuson
KS, Brigham EF, Wright S, Lieberburg I, Becker GW,
Brems DN, Li WY: Secondary structure of amyloid 3
peptide correlates with neurotoxic activity in vitro. Mol
Pharmacol 1994, 45:373-379

39. Pike CJ, Walencewicz-Wasserman AJ, Kosmoski J,
Cribbs DH, Glabe CG, Cotman CW: Structure-activity
analyses of j-amyloid peptides: contributions of the
p25-35 region to aggregation and neurotoxicity. J Neu-
rochem 1995, 64:253-265

40. Citron M, Oltersdorf T, Haass C, McConlogue L, Hung
AY, Seubert P, Vigo-Pelfrey C, Lieberburg I, Selkoe DJ:
Mutation of the f8-amyloid precursor protein in familial
Alzheimer's disease increases ,B-protein production.
Nature 1992, 360:672-674

41. Younkin SG: The amyloid f protein precursor mutations
linked to familial Alzheimer's disease alter processing
in a way that fosters amyloid deposition. Tohoku J Exp
Med 1994, 174:217-223

42. McKee AC, Kosik KS, Kowall NW: Neuritic pathology
and dementia in Alzheimer's disease. Ann Neurol
1991, 30:156-165

43. Wilson DM, Binder LI: Polymerization of microtubule-
associated protein tau under near-physiological condi-
tions. J Biol Chem 1995, 270:24306-24314

44. Goedert M, Spillantini MG, Jakes R, Rutherford D,
Crowther RA: Multiple isoforms of human microtubule-
associated protein tau: sequences and localization in
neurofibrillary tangles of Alzheimer's disease. Neuron
1989, 3:519-526

45. Carmel G, Leichus B, Cheng X, Patterson SD, Mirza U,
Chait BT, Kuret J: Expression, purification, crystalliza-
tion, and preliminary x-ray analysis of casein kinase-l
from Schizosaccharamyces pombe. J Biol Chem 1994,
269:7304-7309

46. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Pro-
tein measurements with the Folin phenol reagent. J Biol
Chem 1951, 193:265-275

47. Laemmli UK: Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature
1970, 227:680-685

48. Kovatchev S, Winchil LCV, Eibl H: Lipid dependence of
the membrane-bound D-lactate dehydrogenase of
Escherichia coli. J Biol Chem 1981, 256:10369-10374

49. Castano EM, Prelli F, Wisniewski T, Golabek A, Kumar
RA, Soto C, Frangione B: Fibrillogenesis in Alzheimer's
disease of amyloid f3 peptides and apolipoprotein E.
Biochem J 1995, 306:599-604

50. Rowe CE: The occurrence and metabolism in vitro of
unesterified fatty acid in mouse brain. Biochim Biophys
Acta 1964, 84:424-434

51. Berry JF, Logothetis J, Bovis M: Determination of the
fatty acid composition of cerebrospinal fluid by gas-
liquid chromatography. Neurology 1965, 15:1089-
1094

52. Naiki H, Higuchi K, Hosokawa M, Takeda T: Fluoromet-
ric determination of amyloid fibrils in vitro using the
fluorescent dye, thioflavin T. Anal Biochem 1989, 177:
244-249

53. LeVine H Ill: Thioflavin T interactions with synthetic
Alzheimer's ,B-amyloid peptides: detection of amyloid
aggregation in solution. Prot Sci 1993, 2:404-410

54. Hwang SC, Jhon D-Y, Bae YS, Kim JH, Rhee SG:
Activation of phospholipase C--y by the concerted ac-
tion of tau proteins and arachidonic acid. J Biol Chem
1996, 271 :18342-18349

55. Vallano ML, Goldenring JR, Buckholz TM, Larson RE,
DeLorenzo RJ: Separation of endogenous calmodulin-
and cAMP-dependent kinases from microtubule prep-
arations. Proc Natl Acad Sci USA 1985, 82:3202-3206

56. Risnik VV, Adam G, Gusev NB, Friedrich P: Casein
kinases and 11 bound to pig brain microtubules. Cell
Mol Neurobiol 1988, 3:315-324

57. Lu Q, Soria JP, Wood JG: p44mPk MAP kinase induces
Alzheimer type alterations in tau function and in pri-
mary hippocampal neurons. J Neurosci Res 1993, 35:
439-444

58. Tsuyama S, Bramblett GT, Huang K-P, Flavin M: Cal-
cium/phospholipid-dependent kinase recognizes sites
in microtubule-associated protein 2 which are phos-
phorylated in living brain and are not accessible to
other kinases. J Biol Chem 1986, 261:4110-4116

59. Wille H, Drewes G, Biernat J, Mandelkow E-M, Man-
delkow E: Alzheimer-like paired helical filaments and
antiparallel dimers formed from microtubule-associ-
ated protein tau in vitro. J Cell Biol 1992, 118:573-584

60. Schweers 0, Mandelkow E-M, Biernat J, Mandelkow E:
Oxidation of cysteine-322 in the repeat domain of mi-
crotubule-associated protein T controls the in vitro as-
sembly of paired helical filaments. Proc Natl Acad Sci
USA 1995, 92:8463-8467

61. Troncoso JC, Costello A, Watson AL, Johnson GVW: In
vitro polymerization of oxidized tau into filaments. Brain
Res 1993, 613:313-316

62. Soreghan B, Kosmoski J, Glabe C: Surfactant proper-
ties of Alzheimer's A,3 peptides and the mechanism of



2194 Wilson and Binder
AJPJuine 1997, Vol. 150, No. 6

amyloid aggregation. J Biol Chem 1994, 269:28551-
28554

63. Lomakin A, Chung DS, Benedek GB, Kirschner DA,
Teplow DB: On the nucleation and growth of amyloid
/3-protein fibrils: detection of nuclei and quantitation of
rate constants. Proc Natl Acad Sci USA 1996, 93:1125-
1129

64. Strittmatter WJ, Saunders AM, Schmechel D, Pericak-
Vance M, Enghild J, Salvesen GS, Roses AD: Apoli-
poprotein E: high-avidity binding to ,3-amyloid and in-
creased frequency of type 4 allele in late-onset familial
Alzheimer's disease. Proc Natl Acad Sci USA 1993,
90:1977-1981

65. Strittmatter WJ, Weisgraber KH, Huang DY, Dong L-M,
Salvesen GS, Pericak-Vance M, Schmechel D, Saun-
ders AM, Goldgaber D, Roses AD: Binding of human
apolipoprotein E to synthetic amyloid /3 peptide: iso-
form-specific effects and implications for late-onset
Alzheimer's disease. Proc Natl Acad Sci USA 1993,
90:8098-8102

66. Sanan DA, Weisgraber KH, Russell SJ, Mahley RW,
Huang D, Saunders A, Schmechel D, Wisniewski T,
Frangione B, Roses AD, Strittmatter WJ: Apolipoprotein
E associates with /3 amyloid peptide of Alzheimer's
disease to form novel monofibrils. J Clin Invest 1994,
94:860-869

67. Maggio JE, Stimson ER, Ghilardi JR, Allen CJ, Dahl CE,
Whitcomb DC, Vigna SR, Vinters HV, Labenski ME,
Manyth PW: Reversible in vitro growth of Alzheimer
disease /-amyloid plaques by deposition of labeled
amyloid peptide. Proc Natl Acad Sci USA 1992, 89:
5462-5466

68. Banaszak L, Winter N, Xu Z, Bernlohr DA, Cowan S,
Jones TA: Lipid-binding proteins: a family of fatty acid
and retinoid transport proteins. Adv Protein Chem
1994, 45:89-151

69. Fernandez E, Pallini R, Bracali AM, Perilli V, Perotti V,
Pelosi G: Early changes in cerebrospinal fluid Ca2l
and FFA levels following experimental spinal cord in-
jury. Neurol Res 1988, 10:66-68

70. Fishman RA: Cerebrospinal Fluid in Diseases of the
Nervous System, ed 2. Philadelphia, Saunders, 1992, p
204

71. Goodman DS: The interaction of human serum albumin
with long-chain fatty acid anions. J Am Chem Soc
1958, 80:3892-3898

72. Spector AA, John K, Fletcher JE: Binding of long-chain
fatty acids to bovine serum albumin. J Lipid Res 1969,
10:56-67

73. Spector AA, Fletcher JE, Ashbrook JD: Analysis of
long-chain free fatty acid binding to bovine serum al-
bumin by determination of stepwise equilibrium con-
stants. Biochemistry 1971, 10:3229-3232

74. Okuda S, Saito H, Katsuki H: Arachidonic acid: toxic
and trophic effects on cultured hippocampal neurons.
Neuroscience 1994, 63:691-699

75. Dehaut F, Bertrand I, Miltaud T, Pouplard-Barthelaix A,
Maingault M: n-6 polyunsaturated fatty acids increase

the neurite length of PC12 cells and embryonic chick
motoneurons. Neurosci Lett 1993, 161:133-136

76. Mortimer JA, Van Juijn CM, Chandra V, Fratiglioni L,
Graves AB, Heyman A, Jorm AF, Kokmen E, Kondo K,
Rocca WA, Shalat SL, Soininen H, Hofman A: Head
trauma as a risk factor for Alzheimer's disease: a col-
laborative re-analysis of case-control studies. Int J Epi-
demiol 1991, 20:S28-S35

77. Roberts GW, Gentleman SM, Lynch A, Murray L,
Landon M, Graham Dl: f3-Amyloid protein deposition in
the brain after severe head injury: implications for the
pathogenesis of Alzheimer's disease. J Neurol Neuro-
surg Psychiatry 1994, 57:419-425

78. Axelrod J, Burch RM, Jelsema CL: Receptor-mediated
activation of phospholipase A2 via GTP-binding
proteins: arachidonic acid and its metabolites as sec-
ond messengers. Trends Neurosci 1988, 11:117-123

79. Bigay J, Deterre P, Pfister C, Chabre M: Fluoride com-
plexes of aluminum or beryllium act on G-proteins as
reversibly bound analogues of the y phosphate of GTP.
EMBO J 1987, 6:2907-2913

80. Teitelbaum I: The epidermal growth factor receptor is
coupled to a phospholipase A2-specific pertussis tox-
in-inhibitable guanine nucleotide-binding regulatory
protein in cultured rat inner medullary collecting tubule
cells. J Biol Chem 1990, 265:4218-4222

81. Clements MP, Bliss TVP, Lynch MA: Increase in ara-
chidonic acid concentration in a postsynaptic mem-
brane fraction following the induction of long-term po-
tentiation in the dentate gyrus. Neuroscience 1991,
45:379-389

82. Lynch MA, Clements MP, Voss KL, Bramham CR, Bliss
TVP: Is arachidonic acid a retrograde messenger in
long-term potentiation? Biochem Soc Trans 1991, 19:
391-396

83. Aron L, Jones S, Fielding CJ: Human plasma lecithin-
cholesterol acyltransferase: characterization of cofac-
tor-dependent phospholipase activity. J Biol Chem
1978, 253:7220-7226

84. Warden CH, Langner CA, Gordon JI, Taylor BA,
McLean JW, Lusis AJ: Tissue-specific expression, de-
velopmental regulation, and chromosomal mapping of
the lecithin:cholesterol acyltransferase gene. J Biol
Chem 1989, 264:21573-21581

85. Smith KM, Lawn RM, Wilcox JN: Cellular localization of
apolipoprotein D and lecithin:cholesterol acyltrans-
ferase mRNAs in rhesus monkey tissues by in situ hy-
bridization. J Lipid Res 1990, 31:995-1004

86. Zorich N, Jonas A, Pownall HJ: Activation of lecithin
cholesterol acyltransferase by human apolipoprotein E
in discoidal complexes with lipids. J Biol Chem 1985,
260:8831-8837

87. Corder EH, Saunders AM, Strittmatter WJ, Schmechel
DE, Gaskell PC, Small GW, Roses AD, Haines JL, Peri-
cak-Vance MA: Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer's disease in late onset
families. Science 1993, 261:921-923

88. Mrak RE, Sheng JG, Griffin WST: Glial cytokines in



FFA-Induced Tau and Amyloid Assembly 2195
AJPJune 1997, Vol. 150, No. 6

Alzheimer's disease: review and pathogenic implica-
tions. Hum Pathol 1995, 26:816-823

89. Diedrich JF, Minnigan H, Carp RI, Whitaker JN, Race R,
Frey W II, Haase AT: Neuropathological changes in
scrapie and Alzheimer's disease are associated with
increased expression of apolipoprotein E and cathep-
sin D in astrocytes. J Virol 1991, 65:4759-4768

90. Mason RP, Shoemaker WJ, Shajenko, L, Chambers
TE, Herbette LG: Evidence for changes in the Alz-
heimer's disease brain cortical membrane structure
mediated by cholesterol. Neurobiol Aging 1992, 13:
413-419

91. Weisgraber KH: Apolipoprotein E: structure-function
relationships. Adv Prot Chem 1994, 45:249-302

92. Okuizumi K, Onodera 0, Namba Y, Ikeda K, Yamamoto
T, Seki K, Ueki A, Nanko S, Tanaka H, Takahashi H,
Oyanagi K, Mizuasawa H, Kanazawa I, Tsuji S: Genetic
association of the very low density lipoprotein (VLDL)
receptor gene with sporadic Alzheimer's disease. Na-
ture Genet 1995, 11:207-209

93. Hardy JA, Higgins GA: Alzheimer's disease: the amy-
loid cascade hypothesis. Science 1992, 256:184-185

94. Scheuner D, Eckman C, Jensen M, Song X, Citron M,
Suzuki N, Bird TD, Hardy J, Hutton M, Kukull W, Larson
E, Levy-Lahad E, Viitanen M, Peskind E, Poorkaj P,
Schellenberg G, Tanzi R, Wasco W, Lannfelt L, Selkoe
D, Younkin S: Secreted amyloid ,B-protein similar to that
in the senile plaques of Alzheimer's disease is in-
creased in vivo by the presenilin 1 and 2 and APP
mutations linked to familial Alzheimer's disease. Nature
Med 1996, 2:864-870

95. Rogers J, Kirby LC, Hempelman SR, Berry DL, McGeer
PL, Kaszniak AW, Zalinski J, Cofield M, Mansukhani L,
Willson P, Kogan F: Clinical trial of indomethacin in
Alzheimer's disease. Neurology 1993, 43:1609-1611

96. Breitner JCS, Gau BA, Welsh KA, Plassman BL, Mc-
Donald WM, Helms MJ, Anthony JC: Inverse associa-
tion of anti-inflammatory treatments and Alzheimer's
disease: initial results of a co-twin control study. Neu-
rology 1994, 44:227-232

97. Lue L-F, Brachova L, Civin WH, Rogers J: Inflamma-
tion, AO deposition, and neurofibrillary tangle formation
as correlates of Alzheimer's disease neurodegenera-
tion. J Neuropathol Exp Neurol 1996, 55:1083-1088


